We report the Nuclear Magnetic Resonance (NMR) spin-spin coupling constants for diatomic alkali halides MX, where M = Li, Na, K, Rb, or Cs and X = F, Cl, Br, or I. The coupling constants are determined by supplementing the non-relativistic coupled-cluster singles-and-doubles (CCSD) values with relativistic corrections evaluated at the four-component density-functional theory (DFT) level. These corrections are calculated as the differences between relativistic and non-relativistic values determined using the PBE0 functional with 50% exact-exchange admixture. The total coupling constants obtained in this approach are in much better agreement with experiment than the standard relativistic DFT values with 25% exact-exchange, and are also noticeably better than the relativistic PBE0 results obtained with 50% exact-exchange. Further improvement is achieved by adding rovibrational corrections, estimated using literature data. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Indirect nuclear spin-spin coupling constant is one of the key Nuclear Magnetic Resonance (NMR) parameters. It provides detailed information about molecular structure-bond distances, angles, and the relative proximity of the interacting nuclei. Isotropic values of the spin-spin coupling constants as well as the individual tensor components can be measured in the condensed phase. More accurate values, not affected by intermolecular interactions, can be determined from gas-phase spectra. Accurate experimental data can be also derived from molecular beam and high-resolution microwave spectra. 1 Numerous results obtained in this manner are available for diatomic molecules, in particular for alkali halides. 2 In these gas-phase, low-pressure experiments, the intermolecular effects are negligible, and these results are therefore very important for benchmarking different computational approaches applied to predict and interpret indirect spin-spin coupling constants.
The theoretical calculations of spin-spin coupling constants face two major challenges. The first is that a proper treatment of electron correlation effects is required, and second one has to take into account relativistic effects. The latter problem becomes more pronounced when heavy atoms are present in the molecular systems, as documented by several groups in research articles [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and reviews. 13, 14 The relativistic effects can be interpreted by applying perturbation theory; 15 for example, the effects caused by the interplay between the Fermi-contact (FC) interaction of nucleus K with the spinorbit (SO) interaction generated by the magnetic moment of nucleus L can be analyzed. [16] [17] [18] On the other hand, to include most of the relevant one-and two-electron relativistic corrections into the calculation of indirect spin-spin coupling constants in a more systematic way, it is convenient to start from two-component [19] [20] [21] or four-component [22] [23] [24] [25] relativistic Hamiltonians. In this way, both scalar and spin-orbit relativistic corrections are included into the wave function variationally and thus relativistic effects to arbitrary order are accounted for. Four-component density-functional theory (DFT) has in recent years reached a level of maturity that makes it an efficient and reliable technique for routine studies of NMR parameters on medium-sized systems. [26] [27] [28] In this work we therefore use the four-component formalism along with a restricted magnetically balanced (RMB) basis for the small component 25, 29 in order to eliminate problems with summations over negativeenergy states and thus the strong basis-set dependence of NMR parameters observed in some early four-component calculations. 30 The relativistic theory using the RMB formalism for calculating indirect spin-spin coupling constants has been presented and assessed in calculations on XH 4 (X = C, Si, Ge, Sn) by Repisky et al. 25 Despite these methodological advances, relativistic DFT calculations are not always straightforward. This is, for instance, evident from the difference between spin-spin coupling constants calculated using generalized gradient approximation (GGA) and hybrid functionals. 6, 10 In our recent work on absolute shielding constants, [31] [32] [33] [34] [35] we have shown for various nuclei that both challenges can be overcome and experimental values may be reproduced by combining accurate non-relativistic coupled-cluster results with relativistic corrections obtained from four-component relativistic DFT calculations.
In this work, we present the indirect spin-spin coupling constants of 20 alkali halide diatomic molecules determined using the same approach-by adding relativistic corrections from DFT to the non-relativistic coupled-cluster values. The results are compared with available experimental data. We provide new accurate and reliable results for coupling constants that are not known experimentally. We also compare the reduced coupling constants, calculated using different computational approaches, to provide a more detailed comparison of the role of different contributions.
II. COMPUTATIONAL METHODS
For the sake of consistency, we present the results for the most abundant isotopic species, that is (the corresponding magnetogyric ratios 36 At the non-relativistic level we use the coupled-cluster singles-and-doubles (CCSD) model. For the spin-spin coupling constants, the appropriate linear response CCSD formalism has been presented by Auer and Gauss, 39 and we use the implementation available in the CFOUR program. 40 There are not too many all-electron basis sets available for all the atoms studied in this work. We shall report the results obtained with the uncontracted ANO-RCC basis sets; 41 we have also performed test calculations applying the uncontracted AQZP basis 42, 43 and the dyall-cvtz basis set (see below). The results were very similar; therefore at the CCSD level we have not analyzed further the basis set dependence. Test calculations for LiI, NaF, and RbBr were also performed using the second-order polarization propagator approximation, SOPPA, 44 (implemented in the Dalton program 45 ) and the uncontracted AQZP basis set. In all CCSD calculations, point nuclear charge and magnetic moment distributions were used.
The four-component relativistic DFT calculations of the spin-spin coupling constants were done using the DiracCoulomb Hamiltonian with the restricted magnetically balanced condition imposed at the integral level for the coupling of large and small components 25 and noncollinear GGA theory for the evaluation of DFT kernels. 46 We have first considered LiI, NaF, and RbBr, studying the performance of the Dirac-Hartree-Fock (DHF) and Dirac-Kohn-Sham (DKS) methods, the latter with both the GGA-type PBE 47 and hybridtype PBE0 48 functionals, by employing Dyall's relativistic all-electron core-valence triple-ζ basis sets (abbreviated as dyall-cvtz) [49] [50] [51] [52] and quadruple-ζ basis sets (abbreviated as dyall-cvqz), [50] [51] [52] all in uncontracted form. In all the other fourcomponent DFT calculations we used the dyall-cvtz basis set in uncontracted form. Although they are somewhat smaller than the corresponding ANO-RCC basis sets used in the non-relativistic CCSD approach, Dyall's basis sets have been optimised for four-component calculations. The effect of increasing the size of the basis set from triple-ζ to quadruple-ζ on the relativistic corrections is less than 1% for LiI and NaF and less than 2% for RbBr (see Table I ), justifying the use of the dyall-cvtz basis. In order to estimate the relativistic effects, we also performed spin-spin coupling calculations using the same functional and basis sets with an increased speed of light (100×) to obtain the non-relativistic values. For the nuclear charge distribution, the finite-size Gaussian-type model was used in the relativistic calculations, whereas the point-type model was used in the non-relativistic calculations. For the magnetic moment, the point-type model was used in all the calculations. All these DFT results were obtained using a development version of the program package ReSpect. 53 Additional test calculations for LiI, NaF, and RbBr were also performed at the SO-ZORA level, using the Amsterdam Density Functional (ADF) 54 program package employing the PBE0 48 functional together with the JCPL 6 basis set.
III. RESULTS AND DISCUSSION
As a basis for our discussion, we have tested various methods for a small subset of alkali halides: LiI, NaF, and RbBr. A comparison of the results obtained with available experimental spin-spin coupling constants (SSCC) can be made from the data reported in Table I . The non-relativistic (NR) Hartree-Fock (HF) and four-component Dirac-Hartree-Fock (DHF) approaches significantly overestimate the experimental data, demonstrating the importance of electron correlation. The correlation effects are described consistently by CCSD, the NR/CCSD values are in good agreement with experiment. The difference is about 5 Hz for all three molecules, including LiI, suggesting that the relativistic effects are small in this subset of molecules. For these three molecules, we have tested also the performance of the CCSD method with the dyall-cvtz basis set. The results are very close to the tabulated ANO-RCC values, and in particular for the dominant FC terms, the difference is below 1% for LiI and NaF, and <3% for RbBr, respectively. The non-relativistic SOPPA method gives results that are of slightly poorer agreement with experiment.
The SSCC from non-relativistic DFT with a hybrid functional-usually the method of choice-are shown in Table I and designated as NR/PBE0(25%) results. They differ significantly from the experimental values, even in the case of the light NaF molecule. The discrepancy is much larger for molecules with heavy elements such as LiI and RbBr; other standard functionals such as BP86 show a similar performance. The four-component relativistic DKS/PBE0 does not significantly improve the agreement; on the contrary, for LiI the result is even worse than that from NR/PBE0. The quality of the PBE0 results can be improved by manipulating the exactexchange admixture in the exchange-correlation functional. In particular, better agreement between the DFT and experimental SSCC of the alkali halides can be obtained with an increased amount of exact exchange in the hybrid functional, as previously observed by Bryce and Autschbach. 55 As shown in Table I , with the amount of exact-exchange increasing from the standard 25%, the DFT results approach the experimental values. Significantly improved results are indeed obtained with a customized PBE0(50%) functional which includes 50% exact-exchange admixture (instead of the default 25% in PBE0). However, the improvement is not systematic, DKS/PBE0(50%) already overshoots the experiment for NaF whereas the SSCC for LiI is still 10% lower than experiment. For comparison, we have in Table I also included the results of relativistic SO-ZORA/PBE0-a two-component relativistic method used in Ref. 55 . To summarize the discussion of the results in Table I , it is unlikely that one can obtain reliable SSCC of all the alkali halides by straightforward application of DFT. It seems that alkali halides, although very simple molecules with an ionic bond, are difficult for DFT, which in many other cases yields fairly accurate and reliable SSCC constants (see, e.g., Refs. 56 and 57).
We now turn to a discussion of the CCSD results, as they constitute our best non-relativistic reference (more advanced analytic CC3 methods may become generally available soon; 58 however, only finite-perturbation calculations at the CC3 level have been described in the literature to date 59, 60 ). The results for all the alkali halides are collected in Table II . The Fermi contact (FC) term is dominant, the paramagnetic spin-orbit (PSO) contribution is significant; there is a very minor contribution from the spindipole (SD) term and practically negligible contribution of the diamagnetic spin-orbit (DSO) term. The total equilibrium non-relativistic J NR is in very good agreement with experimental SSCC for most of the alkali halides, with the exception The accuracy of the different approximations was assessed by fitting a linear function y = ax + b to the pairs of calculated and corresponding experimental spin-spin coupling constants {J i calc , J i exp } i . All molecules with available experimental data were included in the data set; for NaCl the more accurate value 50 ± 30 Hz was taken. The a and b parameters were found by minimizing the χ 2 (a, b) function, 61
which takes into account the magnitude of experimental error bars σ i in the fit (in the ideal case of perfect agreement between experiment and theoretical values a = 1, b = 0, and χ 2 ⇒ 0). The χ 2 fits of the SSCC data for various theoretical models are collected in Table III . The comparison shows the poor performance of DFT hybrid functionals with standard 25% admixture of exact-exchange, χ 2 is very high for SO-ZORA/PBE0 and DKS/PBE0. Increasing the exactexchange admixture to 50% leads to statistically significant improvement of the agreement between experimental and theoretical data. In most cases the prediction becomes very satisfactory; however, it is not satisfactory for NaBr and NaI (for NaBr, the DKS/PBE0(50%) value differs by 26% from the experimental one), for no obvious reason. This behaviour of DKS/PBE0(50%) deteriorates the general reliability of this approximation.
Theoretical models based on the CCSD method with various relativistic corrections provide very good agreement with experimental data, as shown by χ 2 values in the range ≈200-300. Although CCSD with relativistic corrections based on standard PBE0(25%) provides the lowest χ 2 value, it has the worst a parameter among the CCSD-based models. It appears that the best model is provided by a method which places the theoretical predictions as close as possible to the a = 1 (y = x) line in the J calc vs. J exp plot (see Fig. 1 ). CCSD combined with relativistic corrections calculated from the PBE0(50%) functional and including vibrational corrections fulfills this requirement almost perfectly with a = 0.999 82 and a very small shift b ≈ −0.5 Hz. We note that a χ 2 difference of about 50 corresponds to a difference of 2.1 Hz in a single experimental SSCC value with a declared error bar of 0.3 Hz; χ 2 variations in the range 200-300 are not really meaningful. For a visual comparison, the fits of our best model CCSD + ∆ rel (50%) + ∆ vib and the SO-ZORA/PBE0(25%) + ∆ vib as a model of lower reliability are depicted in Fig. 1 . We observe that for all molecules the points are systematically shifted to the y = x line when we consider the CCSD + ∆ rel (50%) + ∆ vib model instead of the SO-ZORA/PBE0(25%) + ∆ vib model. We observed a similar effect with DKS/PBE0(25%).
The magnitudes of the SSCC do not illustrate the general trends of indirect spin-spin coupling interactions mediated by electrons because they depend on the magnetic dipole moments of the interacting nuclei. The role of the electronic part of this phenomenon can be analyzed by considering 
instead the reduced spin-spin coupling constants, K. Nonrelativistic CCSD and relativistically corrected CCSD + DKS/ PBE0(50%) K values are collected in Table IV (showing also  the other cases, the relativistic effects are small; surprisingly, the presence of an iodine atom does not introduce strong overall relativistic effects, which is a result of substantial cancellation of scalar and spin-orbit relativistic corrections (with the exception of CsI, see Table IV ). This highlights the importance of taking both scalar and spin-orbit effects into account in relativistic calculations of spin-spin coupling constants.
IV. CONCLUSIONS
We have demonstrated that the spin-spin coupling constants of alkali halides calculated using CCSD with relativistic corrections estimated at the DFT level utilizing a PBE0 functional with 50% exact-exchange admixture and with vibrational corrections are in excellent agreement with available gas-phase experimental data. Consequently, we expect that our predictions for the SSCC for the LiCl, NaI, CsBr, and CsI molecules, for which experimental data are missing, and for NaCl (with large experimental error bar) are reliable. The agreement of our results with experiment confirms the assumed additivity of non-relativistic CCSD values and relativistic corrections determined within the applied DKS approach. This is advantageous since no practical implementation of a wavefunction based method for the calculation of NMR parameters with simultaneous high-level treatment of electron correlation and relativistic effects is presently available. The computational recipe presented in this work thus represents a useful strategy for the accurate theoretical prediction of NMR parameters. In the case of the SSCC of the alkali halides studied here, the results are much more reliable than those obtained using standard DFT methods. However, the performance of such computational recipes may depend on the specific properties of the molecules studied, and the universality of the approach presented here should be subject to further investigation. 
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